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Final Scientific Report Contract 1P49620-79-C-0098

ASPECTS OF VISUAL SEARCH ACTIVITY RELATED TO
ATTENTIONAL PROCESSES AND SKILL DEVELOPMENT

I GOAL OF PERFORMED RESEARCH-

We have in previous research noted a number of measures of oculomotor

activity which varied consistently as a function of accumulated fatigue.

Such changes can be observed both in laboratory-based experimental tasks and

in field situations. It is our impression that these alterations in oculo-

motor activity correspond to periods of decreased adequacy in task performance.

Our primary goal in the present research has been to identify both m~mentari

and tonic changes in alertness using oculomotor measures and to relate the

eye movement-in4dexed periods of •ltered state to chances in Drformance.

Intermediate goals included the selection and development of a task

suited to the experimental question and evaluation of several alternaitve

measures of oculomotor function. The task selected had to be one which

imposed a reasonable workload on the subsaet in order to develop a fatigue-

like condition within a relatively brief period. If had to allow freedom

of eye movement so that measures would be readily available. It was further

desirable that the ta~sk provide a moment-to-moment measure of performancee-

adequacy since our concern is with phasic as well an tonic alterations in

state and behavior.

I GOENERAL INTRODUCTION

A, General pers~eotive.

The oculomotor control system is exquisitely sensitive to fatigue

and attentional parameterK. As a finely tuned mechanical system, the ocaulo-

motor system is subject to disruption from real or incipient breakdown of

cortical control. Such breakdown may be due to fatigue, boredom, lapses in

attention, or phymiological or pharmacological disruption of CN5 function.
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As a highly coordinated system of information intake, the oculomotor system

reflects the efficiency of processing vhich is affected both by immediate

information processing demands and by the total workload experienced by the

operator. The overall coordination of various aspects of ocular activity

depends on the task, the capability of the individual performing the task,

and the current state (or capa6ity) of the individual. An a primary channel

for information acquisition, the oculomotor system mirrors the attentional

and processing strategies of the operator. Eye movement and blink responses

serve on some occasions to block additional input and on other occasions,

tp facilitate input of specific information.

Flying an airplane is a visual taski It involves making critical

decisions based on visuil information. The eye, and the associated oculo-

mote? control, is the sensing system for taking in such information, It

seems inherently obvious then that it would be profitable to monitor ocular

activity in an operational setting. Analysis and evaluation of this activity

allow inferences concerning the adequacy of an operator's visual search aativ-

ity and about state dependent alterations in the ability to input and process

visual information.

8ince the oculomotor system is sensitive to variations in alertness,

eye movement analysis can be used to index both momentary (phasic) and tonic

changes in alertness and attention. Momentary changes have been identified

-%a performance "blocking" (Bills, 1937) and as performance "lapses" or periods

of "mioro-sleep" (e.g., Williams, 1967). Behavioral indictnts of phasic

drops in alertness include missed stimuli, occasional failures to respond to

cuea, and episodic degradation in general performance. Tonic changes are

more analogous to the alterations labelled "fatigue", "boredom", or overload.

Behaviorally, these are indexed by elevated thresholds, increased response

).
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times, and perhaps most importantly, an increased likelihood of phasic drop-

outs.

Both adequacy of visual search in the alert pilot and change in the

state of alertness affect performance. Most past studies of ocular aotivity

have focused on eye position, and much progress has been made in accurately

determining where the eye is directed. Comparatively little effort has been

devoted to studying the nature of the eye blink M.d ', movements, aspects of

which can tell us a great deal about changes of state which critically influ-

ence performance. Eveb less work has been devoted to relating eyo movements

to adequacy of decision-making and motor responses in complex task perform-

& nce such as piloting an airplane or scanning a radar display. Becaune of

the intimate influence of state variation on eye movement parameters, it is

the later, relatively unexplored areas, which are most likely to yield useful

measures and predictive tools. A number of measures which have been khovn

to be sensitive to time on task and pharmacological manipulation are available,

Some of these are reviewed below.

B. Parameters of blinks and eye movements as Andicoanl of alertness.

Much of our previous research has involved the use of eye movement

measures to investigate information processing strategies. Tasks have ranged

from tightly controlled and circumscribed laboratory tasks, to reading and

simulated automobile driving, as well as on-the-road driving and helicopter

piloting. Independent variables have ranged from skill or training level to

pharmacolo=gical agents, such as alcohol and minor tranquilizers. We have

become increasingly impressed with the effects of cumulative time-on-task

and the subject's alertness level on eye movement measures. Our own experience

and recent research by others suggests several measurable eye movement parameters

vhich are informative about an individual's state of fatigue, alertness, or

attention. The specific utility of several of these in elaborated below.

i ,. . .'I." ", ... ,...-,," '. .. 1 ++ ' + + i I' + i ... 1-... ~~
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They include:

1. 1yeblink closure duration

2. Eyoblink patterning (timing)

3. Blink-associp.ted saccades

4. Fixation duration

5. Saccade amplitude, velocity, and their interrelationship

1. Ugeblink closure duration

Much of the literature dealing with the evaluation of eyeblinks has

been ably reviewed and criticized by Hall and Cusaok(1972). They point out

that conclusions were often based on small sample eze and on samples collected

under conditions in which the subject could not have been expected to be adapted

to the experimental situation. In addition, results have often been contradict-

cry. Based on large samples of blinks recorded from various populations and

over several laboratory sessions, we have developed a reliable eyeblink

analysis system. Our approach to blink evaluation leads to the abstraction

of several descriptive parameters.. One of these, blink closure duration, is

sensitive to the variables of present interest.

We have found that closure duration, the time the eye remains closed

during blinking, is associated with changes in alertness. The normal eyeblink

is a crisp, rapid movement.. The eye begins to open as soon as full lid closure

is achieved. Occasional blinks are markedly longer in duration, they have

longer closing and/or reopening times. A graphical comparison of these two

forms of blink is presented in Figure 1.

Early observationr. (Kopriva, Horvath & Stern, 19T1) indicated that these

long closure duration blinks occurred more often after subjects had recovered

(clinically) from the effects of a short-acting barbiturate than following a

* )control period. These blinks were interspersed with other "normal" blinks.

, I I I I I I II.' I P l
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Figure 1. Scoring Eyebliflks. A typical blink (a), and long closure duration blink
(b) taken from early and late In an -experimental session for the some subject are
shown in upper portion of the figure. The lower portion is a schematized blink
Illustratingi c) amplitude, d) half amplitude, a) the amplitude defining the 20X

- vindow, f) half closure duration, and S) 20% window duration.

II

II
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What varied as a function of condition was not the form of the typical blink,

but rather the frequency of occurrence of atypical blihka. In subsequent

studies we have demonstrated similar uignificant Increases in the incidence

of long closure duration blinks for other CNS depresuants (e.g., alcohol) and

as a function of time on task (e.g., 40 minutes of automobile simulator

driving). The intoxicated subject (BAC 75 mgm%) demonstrated more long

closure durations and a more rapid development of such "abnorm&l blinks as a 1
function of time on task.

Our current procedure for detecting long closure duration blinks is

illustrated in Figure 1. Basically, it consists of establishing an amplitude

window defined as a proportion of total blink amplitude. The amount of time

that the amplitude exceeds this window value is defined as the closure duration

for that window. In preliminary work using a reaction-time task, we observed,

consistent with previous results, an increase in the incidence of long closure

duration blinks across a one-hour experimental session. Although this is true

regardless of the window criterion uize, the effect is more striking for small

windows, i.e., those encompassing the time within 25% of maximal closure* Using

the 20% window, for example, we find that only about 1% to 12% of all blinks

during the initial 5 minutes of task performance exceed an arbitrarily estab-

lished cut-off criterion of 100 meec. Midway through the hour, 3% to 25% of

the blinks exceed the criterion. During the final five minutes of task per-

formance, the range increased so that 2%-38% of all blinks satisfied this

criterion for long closure duration. Having found the incidence of long

closure duration blinks associated with time on task and decline in alertness,

we suspect that the occurrence of such blinks in associated with drop-out. in

performance--not only on tasks demonstrating the processing of viCual inform-

ation, but on other types of information processing tasks as well,

p. .... . ... ... .. ... . +++ • ... ': , . .:+
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There in presently no systematic data on changes in median closure

duration with decreasing alertness. Previous research has focused on what

Hall snd Cusack call "blinking blackout", the period during which the viewer

is presumed to see nothing. This period is not synonymous with but includes

the time during which the eyes are closed. Blinking blackout has been estimated

by presenting visual stimuli at various point. during the blink and determining

accuracy of perception. Information on the duration of such blackouts is

surprisingly sparse. The most recent published estimate we could find (Vblkman,

Rigge, & Moore, 1980) is 200 mie*. Our investigations into the visual suppression

associated with blinking suggest that thin estimate is too high. The direct

assessment of blink suppression requires specialized procedures somewhat removed

from the tasks presumed to effect blinking duration. We have elected, therefore,

to make the assumption that the blinking period in directly related to closure

duration and to measure median closure duration directly. Begardless of window

size, the general effect of time-on-task and related statevariables Is toward

small increases in median duration. Although the differences are in the expected

direction, they are typically so small and variable as to fail to make any

significant contribution to total task performance. For example, in rkny tasks,

variation in 20% window duration from early to late in the session is between

-2 and 15 msec, with a median increase of only 2 miec. Even with 50 blinks in

a five-minute period the suppression is equivalent to only .1 sec of lost viewing

time.

Of greater import to adequate processing in a visual task than the time

lost to blinking is eyse closures which are not blinks. After cumulative exper-

ience with data reduction of large samples of blinks, we have concluded that

full closure durations in excess of 150 miec do not represent blinking. Our

computerized abstraction procedures were, for that reason, designed to eliminate

from analysis any closure not followed within 150 miec by reopening. Since the

'I

S
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viewer cannot input visual information with his eyes closed, these eye closures

reflect either inadvertent or self-imposed "time-out" from input. It is our

impression that the likelihood of these eye closures increaes with time on

task. They may be associated with performance errors and missed stimuli,

especially in vigilance tasks. Our analysis routines have been rewritten to

allow the identification of such closures from eye movement recordings.

2. Eyeblink Patterning (timing)

Previous attempts to index visual fatigue using the blink have

focused on blink rate, but interpretations of this measure are ambiguous.

Luckiesh and Moss (1942) proposed blink rate as an adequate measure of visual

fatigue in reading and suggested its usefulness in other tasks, Their results

were, however, vigorously attacked. Carmichael and Dearborn (1947) reviewed

the use of blink rate and concluded that it was a poor measure of visual

fatigue, In a comprehensive review, von Cranach et al. (1949) Indicated that

blink rate is sensitive tot only to arousal indiced by stressors and fear,

developing fatigue, and similar state varwiables but also to variables, like

the occurrence of head movements and large amplitude saacades, which may re-

fleet task requirements as :ywell as state. Too many variables other than state

contribute to blink rate for it to be an adequate measure of alertness in

visual information processing. It may be, however, that in relatively constant

tasks, within-subject variations in blink rate do reflect state variation.

There is evidence, based on more refined measures, that blinking is in-

fluenced directly by attentional requirements of task performance. Doelhower

and Brunia (1977) studied electromyographic components of the blink recorded

while subjects were performing an auditory binary choice decision task. They

idenbified two DEO components of the blink reflex. Amplitude of the early

component was enhanced during task performance relative to rest while latency

of the late component was increased during task performance relative to reot.

*
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These results are important to this discussion because they demonstrate that

blinking is not merely a reflex response, but in coordinated with cogni'6ive

processing at some CNS level. Review of the blink rate literature and our

own observations have shown us that blink rate per se is not a sufficiently

sensitive measure of changes in alertness. Measures, such as latency of blink

com~onents used by Boelhower and Brunia (1977) allow clear damonstration of a

relationship between blinking and tabk performance relative to rest, but are

not always euiily related to components of task performance. Since the

measurement of latency requires that responses be time-looked to triggering

stimull., this type of measure is not easily adapted to operational situations

in which much of task performance may be waiting and watching. We have con-

centrated on a measure which can be used in operatf.onal settingst Xlink

i with respect to components of task performance.

Blini.L are generally not randomly distributed in time but rather occur

most frequently at times of reduced information processing need. We have

observed that, during reading, there is a marked inhibition ot blinking as a

page of text is read. The degree of blink inhibition varies with the reader's

interest in the text. In sharp contrast, there is a marked flurry of blinks

as the render turns from one page of text to the next. Ponder and Kennedy

(1972) have reported the same phenomenon. Blink patterning is not restricted

to reading. In both simulated and real automobile driving, we see an increase

in 'linking during periods of low visual information processing requirements.

For example, blinking increases while the subject site at an intersection

waiting foi the traffic light to change. In their investigation of the timing

of blinks, Poulton and Gregory (1952) and Gregory (1952) found that in both

visual and nonvisual tasks, blinking wae inhibited during the performance of

difficult task components. Similarly, in a study of 19 subjects# we found

marked blink inhibition during intake of information processing necessary to

7ýA,
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task completion as compared to a comparable rest period (Stern, Oster & Newport,

1980).

Those blinks which do occur during task performance are often coordinated

with other task events. Oreupner (1964) reported that blinking occurs at

times least disturbing to overall task performance. In automobile driving,

blinks are often associated with the large saccades and head movements which

accompany change of gaze from road to rear-view mirror and back. Similarly,

blinks often attend the return from instrument panel scanning. It is our

impression that for many subjects, this blink-task coordination begins to

break down as time on task increases.

The above studies agree that blinks occur at moments opportune in

terms of visual information processing requirements. Results indicate that

blinking, though generally thought of as a reflex response, is coordinated

with information processing load. This coordination is conducive to accurate

task performance and is in that sense efficient. Zt is our impression that

the occurrence of blinks at opportune moments occurs prindipally under condi-

tions in which the subject is wide awake, alert, and highly motivated; under

conditions of monotony, fatigue, etc., there is a breakdown of this coordina-

tion between blinking and aspects of visual information processing and task

performance. We suspect that the analysis of blink timing and patterning

vithin the task will protide important information about the efficiency

with which a subject is processing visual information and making decisions

based on that information.

3. Blink-ausociated seaccades

Coordination between blinking and saccades would appear to minimize

the time during Which visual information processing is suppressed. The eye

can be positionod prior to the blink so as to minimize blink closure duration.

..................................... _. -...-..
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Further, during a blink the eye may be repositioned to preclude the necessity

of additional sacoades immediately subsequent to the blink. In alert,

wellý-motivated subjects, there is often an assooiation of blinks with sacoadic

r eye movement.

We have observed, in operational as well as laboratory situations, that

many subjects demonstrate a specific pattorn of ocular activity preceding the

blink. A saccadic eye movement shifted eye position to the lower quadrant of

the visual field. Shifting eye position to the lower area of the visual field

is invariably accompanied by a partial closing of the eyelids, A blihk from a

position of partial lid closure should ttke less time to complete than one

stated with the eyes fully open. Since the viewer's vision is obscured

during a major portion of the blink, reducing blink duration reduces the

time vision is obscured.
During saccadic movement and the periods immediately preceding and

following a saccade, information abstraction is compromised (Matin, 19741

Stern & Sanders, 3.980). Blinking also is associated with a temporary block-

ing of visual itput, Making a sacoade during a blink is thus efficient in

that it reduces the total time during which visual input is not possible.

i. Saocades in the horizontal plane can be detected from electrooculographic rec-

erds and we have observed that they frequently do occur in conjunction with

an eyeblink. Vertical saccades are obscured by the larger signal generated

by the blink itself. The occurrence of eye repositioning in the vertical plane

, can be inferred, however, by noting differences in eye position following a

blink. During visual search, eye position following a blink is consistently

different from eye position preceding a blink in both vertical and horisontal

planes. Presumably the viewer positions the eye during the blink so that when

vision is restored he will be looking at the target. By obviating the

need for an additional saccade to reposition the eye after the blink, and the
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concomitant saccadic suppression, the time that vision is obscured is reduced.

The pattern of saacadic movement before and during the blink reduce@ the

time vision is obscured by reducing the time for blink execution, the period

of blink and saccadic suppression, and the need for an additional saccade to

change eye position after the blink. In this sense it is efficient. It is our

impression that this efficient coupling of saccades and eyeblinks is affected

by variables associated with decrements in performance like time on task and

motivation.

4. Fixation duration (miaro-sllee

It Is well-documented that fixation pause duration, ie., the

amount of time the eyes dwell on a particular aspect of s visual display, is i
a function of the task (Fisher, 19711; Gould, 1973). Moreover, moment-by-moment

analyses of eye movements reveal variation in the length of the fixation pause

related to cognitive processing. It is reasonable to assume that unusually

long fixation durations reflect periods of nonprocessing due to loss of

alertness. Specifically, unduly long fixation pauses may reflect drop-outs in

performance. Such long fixation pauses could mean either that the viewer is
spending more time sampling a very restricted aspect of the visual display or

that he is simply "staring" at the display without necessarily doing much

seeing. Since the type of task will affect fixation duration, the duration

indicating staring or drop-outs in performance as opposed to detailed visual

analysis will very from task to task. Our cumulative experience with fixation

pause durations recorded during reading Indicates tht fixation pause& in excess

of 400 mesa are Indicative of utaring or nonreading (Under nonreading we would

include task relevant behavior such as thinking about the text just read.).

In the driver simulator task, we have used 2 meo or greater as an indicant of

unusually long pause durations.

Several results have suggested that an unduly long fixation duration ig

indicative of decline in alertness and/or momentary lapses in attention.

~~- ---- - -------
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We have found that the incidence of long durations increases with time on task

and with ingestion of CNS depressant drugs like alcohol, Moreover, such lapses

Sdo not occau at random during task performance. In reading, exceedingly long

fixation pauses are usually the ýast pause on a line of text or the first

pause on a line of text. Long duration fixations also ocaur at predictable

times in simulated helicopter flying. Specifically, Stave (1977) found lapses

in performance to be significantly correlated (r m 0.87) with subjective ratings

of fatigue.

5 5, Sa•cade usznlitude, velocity. and Jheir interrelationship,.

Several parameters of saccades, the quick jumps of the eye to

change eye position, are sennitive to organismic states of alertness, Among

these, saccade amplitude has been u~ed as an indicant of changes in attention

to aspects of the environment. Cedar (1977) recorded eye movements during

simulated automobile driving and found that traffic flow conditions signific-

antly affected saccade umplitude. As driving stress increased, the number of

large amplitude eye movements (greater than 9.50) sionificantly decreased.

Time-on-task also influences the frequency of large amplitude saccades. We

(Troy, Chen & Stern, 1972) have demonstrated that in helicopter, pilots

flying a relatively simple 45-minute mission there is a significant decrease

in large amplitude maccades between early and late portions of the flight.

We interpreted these results as suggesting that the pilot spends less time

looking for "targets of opportunity" (places to land in an emergency, import-

ant aspects of terrain, etc.), as a function of time on task, Similar results

were obtained in the automobile simulator. The frequency of large amplitude

saccades decreased during a 40-minute driving task, Further, low to moderate

doses of alcohol increased the effeotl the frequency of such saccades was

lover and the decrease more rapid under conditions of intoxication.

, n n i I YA I ~*.IA. *. . ..1 I . i I I. i I i
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Velocity of the saccadio movement has also been Investigated in several

laboratories. We (Stern, Bremer & McClure, 1974) as well as Gentles and

LUwellyn-Thomas (1971) and Asohoff (1964), have demonstrated significant

decrements in the peak velocity of large (10-200) saocades after ingestion

of minor tranquilizers (e.g., librium and valium). Recent data from our labora-

tory demonstrate that this phenomenon is not unique to large amplitude sascades

but occurs in smaller amplitude saccades as well.

We have studied both sadOade amplitude and velocity and find a combination

of the two measures to be most useful. The maximum velocity of eye rotation

during the execution of a saccads is dependent upon the distance the eye has

* to travel. For saccadee rinmging from a 50 to 200 exoursion the relationship

between peak velocity and saccade azplitude is essentially linear (Outer &

Stern, 1979). We have demonstrated that time-on-task and "state of the

organism" have a significant effect on this relationship. We have consistently

found, for example, that, as a function of time-on-task, the slope of the

rearession line describing linear amplitude-velocity relationship decreases.

Data from one recent study illustrates the sensitivity of the saccads

amplitude-velocity relationnhip to both time-on-task and change of state

effects, The study involved participants for four one-hour experimental

sessions. During each coesion, subjects read from Haley's Loots and after

45 min. of reading were required to answer questions regarding the text they

had read. In sessions 2, 3, and 4 they were required to drink a sufficient

quantity of alcoholic beverage to bring BAC level to 0, '35, or .70 mgm%.

* Order of level of BAC used was r-ndomized over sessions. Eye movement data

from an early, middle and final segment of reading were analysed.

.4
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The correlation between saccade amplitude and velocity generally averaged

above 0,70. Under conditions of inebriation, the slope of the regression line

Is significantly reduced (p(<,000). A similar effect is found for time on task

(p(,002). We also found the coefficient of correlation (arc sine transformed)

in significantly reduced by both alcohol (p 1.002) and time on task (p <.028).

The advantages of utilizing the correlation between amplitude and velocity

over amplitude, duration, or peak velocity alone are twofold. Change in

amplitude might reflect changing cognitive processes or strategy of the observer

as well as change in stete. The observer may simply decide to search a restricted

area'of the display. Interpretation of the relationship between amplitude and

velocity is lens ambiguous. The second advantage is that the measure is ideal, for

determining deviations from the alert state. A relatively simple system could be de-

veloped which calculates the regression equation under conditions of optimal alert-

neast and then compares successive data points to that equation and determines the

number of saccade velocities falling significantly below the predicted velocity.

6. i f g m tae aures.

We have, in previous research, consistently noted that the oculamotor

measures outlined above arc affected by variables such as attentiveness and

alertnens. We believe that they can be used effectively to identify variations in such

staten, perhaps more adequately than direct measures of performance outcome. One

superiority of oculomctor parnmeters is that they are sensitive to momentary

changes (lapses, drop-outs), as well as tonic changes in state. Further$ oculomotor

measures, unlike outcome mea&ures, can provide evidence of change of state in the

absenee of response to specific stimuli. A change in blihk duration can be used to

identify declinlng alertness though the subject is merely watching, responding to no ,

specific stimulus. Outcome measures can be collected only when specific response to

specific stimuli is made a sufficient number of times to yield reliable error rates.
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Since operation of complex instrunmentation involves periods of scahning and anti-

cipation, measurement of eye movement parameters which can be used to &asses change

of state during these periods, is more useful than measures of performance outcomeso

Third, performance measures are, of necessity, available only after-the-fact. In an

operational setting, it would be of obvious utility to predict performance decrements

before they actually occur. We believe that oculomotor indices of state will be pre-

dictive of performance degradation. Finally, it is our belief that defining periods

during which one can expect decrements in performance on the basis of the proposed

ocular measures may be a sensitive and useful approach since such measures can be

obtained under operational as well as laboratory conditions.

Although all of the measures described above could be utilized as indexing vwn-i-

ables, we have elected to concentrate out initial effort on the blink and blink-

related measures. The reasons for this are primarily pragmatic. First, data reduction,

routines for the detailed kind of analysis required in the present research could be

readily developed from existing software. Second, eyeblinks occur in all situations,

and selection of aspects of blinking as the primary oculomotor measure allowed greater

flexibility in the selection of an appropriate task. An izmmediate concentration on

aspects of succadic motion would have required a task, the successful performance of

which demanded horizontal scanning. Such tasks are contemplated and subsequent researci

will consequently include examination of all the measures detailed above. The present

report, however, is restricted to consideration of blink parameters as related to task I

performanoe,

C. Frtionati ton Tim

As stated earlier, our major objective is to identify changes of state and t

determine how they affect components of task performance. In the previous section

we documented how parameters of recorded eye movements can be used to identify '1A

changes in state. In this section we will describe how we go about the process of

distinguishing decision making and motor comycnen~e in reaction time tasks involving

visual stimuli and manual responses. Fractionating reaction time (RT) is useful in

-,3
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assessing whether reduced alertness differentially affects the time it takes to

make decisions based on visual information and the time it takes to execute those

decisions, once made.

e:In several previous studies we have fractionated RT to visual stimuli using

a series of tasks in which a primarily perceptual-cog•itive and a primarily motor

response could be measured. In these studies subjects were instructed to make an

appropriate (choice-) reaction response as rapidly as possible following stimulus

onset, and to return to the starting position immediately after stimulus termina-

tion. Several components of the response were abstracted on each trial. Recision

time, the perceptual-cognitive component of RT, was the time bdtween light onset

(or offset) a,'d bi'tton release. Transi• •ime, the motor component of RTo was the

time between contact release and contact of the next switch, i.e., the time it

took to move the finger from one button to the next. Decision and transit time

components were measured for both forward movement from the start to target ponitionslV

and for return movements from target to start positions. There were thus measures

of RT under four conditionat decision time forward (DTF), transit time forward

(TTR), decision time return (DMR), and transit time return (TTR),

To provide checks on the validity of our measvre of perceptual and motor

components of PT, we hnvo: a) manipulated the complexity of a visuo-spatial task

and b) required both left and right hand responses. Our reasoning was that if

decision and transit time reflect pmrceptual-cognitive and motor functions,

respectively, increasing the complexity of the decision about which hand to move in

response to a specific light should affect decision time, but have minimal effects

on transit time. Second, a faster left hand response was anticipated for the

perceptual (DTF) component of AT because there is a demonstrated right hemisphere

advantage for visual perception tasks und because the right hemisphere controls

fine motor responses on the left side of the body. A faster right hand response va•

expected for transit time, the motor component of AT, because faster motor response-

is generally associated with moving the dominant or preferred hand,

r:• • -. ""••"'•"'• " -* . ........ "
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We also entertained different expectations for the forward and return move-

ments. Instructions regarding stimulus-response contingencies were manipulated

so that the decisions required preparatoiy to the forward movement were more com-

plex than those required prior to the return movement. Before making the forward

movement the subject had, in some conditions, to decide which hand to move, debend-

ing on which light was illuminated; in return movements the subject had invariably

to return whichever band was away from the start position back to that position.

DTF was, then, a measure of more complex perceptual-cognitive response than DTR.

Task complexity was expected to affect DTF more than DTR. No such differential

effect of task complexity was expected for TTF and TTR.

The results of several experiments (Stern, Oster & Newport, 1979, 1980)

generally confirm that our measure@ of decision time and transit time do reflect

perceptual-cognitive and motor components of HT to visually presented stimuli.

First, decision time was generally more than twice as long as transit time, as

would be expected of the time necessary to arrive at a decision aa compared to
the time necessary to enact that decision (motor time). Second, an expected,

task complexity increased decision time aspects of DTF but had comparatively

minimal effects on transit time and DTR. Task complexity accounted for 45% of

the variance in DTF, as compared to 5% for DTR, and 1% for both TTF and TTR.

Third, there was a significant hund by decision vs. transit time interaction.

Decision times were more rapid with the left hand response and transit times were

faster for right hand responses. However, thii result was significant only for

the forward movement, i.e., DTF and TTT.

I1. RESEARCH CONDUCTED

The completed research was conducted in four phases, The first phase in-

volved the selection of a general version of a visual information-proaeesing task

and the development of a hardware/software system for task presentation. The

second step was a preliminary study cotparing the effectiveness of several

k
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variations of the task, evaluating c3ulomotor changes, performance variation, and

subject's subjective report. In phase three a formal study was conducted. The

final phase involved the reduction of the ;cquired data. Concommitant with this

effort, software development of an analysis system for saccade amplitude-veloqity

measures continued. Further, a feamibility study was conducted to assess the

possible development of a portable microcomputer system for field measurement of

oculomotor parameters.

A. Task Seleotion and Software Development

Minimal requirements for an experimental task were that it: 1) yield

frequent measures of performance adequacyj 2) be primarily visual in naturea 3)

provide oculomotor measuresj and 4) be subject to fatigue, or fatigue-like,

state changes. It was further desirable that the task: 5) correspond, at least

theoretically to real-life field situationsa 6) involve both memory and deoision-

making in information processingl and 7) not require extensive periods of training.

We designed an information-prooessing reaction-time task which satisfied

most of the above criteria. A continuing-sequence of alphabetical stimuli were

presented on a screen. Each stimulun letter occasioned a response. The subject

was required to compare the letter with the previously presented letter, make some

catecorical decision based on the relationship between the two letters and perform

a choico..reaotion-task response based on that decision. This constitutes a fre-

quently elicited behavioral response yielding performance indicants based both

on error measures and on measures of fractionated RT. It is a visual task requiring

memory for previous stimuli as well as a decision regarding the current stimulus.

Clearly), there are a large number of possible decision rules which could be

based on the sequential relationship between letters. The program developed to

control the experimental sessions was built to incorporate several of these

possibilities, The variations included were: CABS, upper vs. lower;

U.
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alphabetical SEQUENCE, sequential letters either immediately adjacent in the

alphabet or not; and CATEGORY, vowel or consonant. The latter two could be com-

bined with the first to generate more difficult tasks.

The basic hardware consisted of a PDP-ll/40 computer with ita associated

peripherals end "in-house" constructed special devices. Software and hardware

development specific to this research progressed in an integrated fashion. On

entering the experimental program (NUALPH), the operator selected the task

parameters. At initialization the value of the "previous stimulus was set to

the upper-case letter "A", the interstimulus Interval counter was set to 3 see,

and the clock started at a 10 mesc tick interval. For the first, and each sub-

sequent trial, the program then progressed through a series of calls to a

random number generator routine. If, for example, the talk variation, CASE, had

been selected, a random letter was picked, then a random probability value was

selected. If thia value exceeded that specified by the operator as the percent

of occasions on which ease should change, then the came of the randomly selected
letter was made the same as that of the previously presented letter. Otherwise,

the case was altered. Similar procedures were followed for the other task

variations. After the generation of the character) the random number generator

was again addressed, this time to select a stimulus duration from a rectangular

distribution of possible duritions within limits set by DATA statements in the

program. The X anud Y coordinates of the screen location for the next stimulus

we determined in a similar manner. The program then looped until the conclusion

of the interatimulus interval.

At that time the ASCII code of the generated signal was transmitted via a

R8232 interface to a Magnavox plasma display terminal located In the nearby experi-

mental room. A plasma terminal was selected rather than a traditional display

scope because it provides more accurate control of the exact time of stimulus
occurranoe. The zeru pervistenue of the image on the type of display further

. 1
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allows accurate determination of latency of the response to stimulus offset.

Three additional events occurred coincident with stimulus transmission. 1)

Latency and interval times were reset. 2) The ASCII code for actual character

presented was stored in an array for subsequent listing. 3) A coded indication of

stimulus status (in or out of SEQUENCE, chag in CASE, and/or charse of CATEGORY)

was placed-on the digital output lines of the computer. The digital signal was

used to activate a telephone frequency encoder unit which generated those tones

corresponding to the digital signal. These frequency enagded numbers were then

recorded on a standard audio channel of a tape recorder to be used in subsequent

off-line data analyses.

The program then randomly selected the duration of the next interstimulus

interval and entered a wait loop until the conclusion of the stimulus duration

interval, At that time the screen was erased, interval and latency counters reset,

and the digital output lines cleared. The program looped through this entire

procedure for an operator-selected number of trials and then printed the accum-

ulated data for that trial block on a line printer.

Choice responses were recorded from a three position touch pad panel situated

in front or the display terminal (see Figure 2). A piece of conductive foam was

attached both to the subject's wrist and to the grounding circuit of the response

panel such that when the subject touched any of the response pads a circuit wos

completed. The panel was wired so that any change in state (i.e., either making

or breaking contact with a touch pad) generated an interrupt signal on the digital

input lines to the computer. Separate bits on the digital lines corresponded to

each of the individual touch pads. The response panel also ouptut a d.c. voltagei

the level of which is proportional to the numerical code or the touch pad contacted.

This d.c. signal was fed directly to the tape recorder.

M................................
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a)

Stimulus Signal

Response Signal

Ib I di

I~ic II I

Figure 2. Task Apparatus. The equipment consists of a) a video monitors a touch-
pad response panel consisting of a proximal "home" pad and two distal ohoice pads
for the primary task, The lower portion of the figure schematically illustrates
the four RT components of the primary task; b) DTF# time between etimulus oniet
and release of the home padl a) TTF, time the finger in off the key; d) DTR, time
between stimulus offset and choice pad bleasel and e) TTR, movement time from
choice to home pad.
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On receipt of a digital input, the program executed a software interrupt.

The numerical code for the response and the contents of the latency counter were

moved into the print array. This information was thus included in the printout

after each trial block.

The complete instrumentation set-up, illustrated in figure 3, included a dual

eye movement amplifier. These circuits amplified the slaotrooculographic signals

(picked up by appropriately located Beocnan biopotential electrodes) prior to

transmitting to the tape recorder. Horizontal and vertical EO0 were recorded

separately.

The NUALP11 program generated stimuli and monitored the behavioral response,

Reaction-time measures (both time and error) were immediately available from the

reel-time, on-line analysis. A second program was developod for off-line Lnalysis

of the tape recorded data. This reduction program nonverted four tape recorded

channels of data from analogue to digital format. Successive 10 second frames of

this data were displayed in graphic form at the computer terminal. Reduction

routines for three of these channels wore incorporated into the program. They

were: 1) stimulus; 2) choice response; and 3) vertical EOG. The vertical EOG

was analyzed for the occurrence of blinks and characteristics of each blink, time

of occurrence, amplitude, half-closure duration, and window duration (as defined

in section II.B.l of this report) were abstracted.

B. Preliminary Studies

Eight subjects, primarily laboratory personnel, were run for varying

time periods to assess the effectiveness of the task. All task variations and

several oomplex decision rules involving combinations of task variations were

employed. The first several subject runs were analyzed only with respect to

the performance measure. It rapidly became apparent that the more complex rules

were too difficult to master. Using a complex rule, such ast (press left it

case has changed and the letter is not in alphabetical sequence) or (if the case
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is the same and the letter is in sequence) otherwise press right, produced

very unstable performance. Error rates were high and decision time excessively

variable. Asymptotic performance levels were not obtained within 1-1.5 hours.

On the other hand, simple categorical rules (e.g. press right for upper case and

left for lower case) elicited minimal involvement in the task. Although subjects

rapidly became bored there was no apparent falling-off in task performance.

Two subjects were run using the SEQUENCE tank, and two using CASE with a change

rule for periods of 1 to 1.5 hours, These tasks were readily learnedi asymptotic

levels of performanoce were obtained within 80-100 trials. Choi*e errors declined

to' about 5% and remained stable. Similarly, median decision time, based on

successive 20-trial blocks, although highly variable across subjecte, was very

stable for each individual subject.

Blink data for these four subjects were analyzed. Three of the four subjects

showed increases in median closure duration and window duration from early to late

in a one-hour session. There were significant variations in both blink frequency

and the proportionate occurrence of long closure duration blinks across the

session. As figure 4 indicates, many of the eseblinks were closely associated with

the events of the performance task.

Temporal parameters of the task were also evaluated. The values ultimately

selected were a .,50-3.00 second range for stimulus duration and a 2.00-6.00 second

range for interstimulus interval. This provided a 6.25 second average trial dura-

tion, or about ten sets of performance measures for each minute on the task. The

variability insured continued visual attention to the stimulus display. This

pace seemed to provide the maximum number of performance measures without producing

, a speed-induced behavioral break-down. These particular values are approximately

the sane as those we have found to be most useful in choles-reaction tasks using

other types of visual stimuli.

70I



Contract F49620-79-C-0089/26
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Vigura 4. Eyeblink and Motor-response Coordination, Represenltative polygraph
tracings from minute 15 (early) and minute 55 (late) of the information 2rocessing,

reaction time task. In each instance the top tracing indicates stimulus occurreuce,

tho middle tracing show.s the manual responses, and the lower tracing contains the

I vertical EOO signal. Hany of the blinks are closely associated with the motor

raspona. The circled blinks are those illustrated in larger scale In figure I

(p The response channel is shown in &roster detail in. figure 2 (p. 22
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0. Igperiment It Methods and procedure

Data were collected from 16 experimental subjects. All subjects were

recruited from the Washington University communityt many of them were students.

There were 8 males and 8 females, all between 19 and 29 years of age. Four males

and four females were assigned to each of two conditions: CASE and SEQUENCE.

Subjects were paid.a nominal amount in recognition of their participation. Each

subject voluntarily signed a standard information and consent form prior to the

experimental semsion. All procedures and requirements of Air Force and the National

Institutes of Health pertaining to subject's rights, protectionj and safety, were

satisfied.

Each experimental run began with an explanation and demonstration of the task.

Bookman miniature blopotential electrodes were applied. Vertical electrodes were

positioned equidistant from and directly above and below the center of the right

eye. Horimontal electrodes were mounted in the horisontal plane through the

center of the eyes and approximately 1 am beyond each outer canthus. A fifth eloe-

trode, serving as ground, was applied to the center of the subject's forehead. The

skin at each electrode site was cleansed with alcohol and lightly abraided.

Standard Beckman electrode gel and masks were used. Subjects were given written

copies of the instructions for the task variation to be read during the initial

set-up. (Ixamples of the instructions used are included in Appendix A.) After all

questions had been answered and the set-up was complete, there was a period of from

2 to 10 minutes during which the operator insured that all equipment was functional

and that the tape recorded signals were adequate.

The first 100 trials were presented in five blocks of 20 trials each. These

were designated as training and practice trials. A few subjects gave indioationt

by excessive errors, that they had not ifully understood the instructions, For these

II
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subJctes, the instructions were repeated between trial blocks, aI necesus.ry

At least 8 blocks of 50 trials (for some subjects 2 or 3 blocks of 200 trials)

were then adminlatered. The total experimental session lasted 1..5-2 hours.

Actual time spent performing the task exceeded 1 hour in evei•y instance.
The progr~am NALPH was used. Change proportion for CASE• was set to 00%.

31mLlarlyo the proportion of stimuli not in alphabetical order In the SEQUENCE

condition was 5O%. The temporal parameters for each trial were those seleoted

in the preliminary study: 1.5-3.0 seconds stimulus duration and 2.0-6.0 inter-

stimulus interval.

D. Experizent .i Reduction and results

Initial analysis of performance measures was based on the abstraction

of response information from the on-line record generated by NVALPH. Three

2-minute segments of the record from training and practice trials (designated

Practice 1, I1, and III) were selected for examination. These @esents were

approximately evenly distributed across the available reoord for each subject.

Three 5Tminute segments were also selected from the long runs. These segments

designated Early, Middle, and Late), were about minutes 2.7, 33-38, and 62-67

of the long run. Where possible and neoessary the exact time period was shifted

forward or back by 1 or 2 minutes so as to be entirely within a single block.

Where that was not possiblep the period between blooks and encompassing the first

few trials of the block which began in the middle of the segment were excluded

from analysis.

Corresponding segments of the recorded data were submitted to offline analysis.

This analysis provided both performance and eyeblink data and also allowed examin-

ation of the correspondence between the two sets of responses On ooaasionp when

very detailed analysis was required, p~., tions of the previously selected segments

or other portions of the data were abstracted.

.... . "--...'-r'. .. .. .........
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1. Performance measures.

Two general types of errors were Identified. Decision errors

are those in whioh the subject moved to the right key when he should have moved

to the left, or vice versa. A broader error aitegozy, finger timing errors (PT•),

consisted of almost all other inappropriate or inaccurate responsee. It consisted

primarily of 1) responses, such as intertrial tapping or anticipatory responding#

which resulted in the subject having his finger removed from the homd pad at the

time of stimulus onset and 2) anticipatory returns, either partial or oompleted,

from the response pad to the home pad. As figure $ Indidates, the proportion of

trials on which errors occurred decreased throughout practice. This me especially

true for decision errors. A portion of the increased accuracy may have been gained

at the expense of speed, There is# apparent in figure 6, overall, a small (non-

significant) inorease in response time. Decision Time Return, however, shows a

significant decrease. This component reflects the relatively simple decision that

stimulus offset has oaourred (i.., it is in essence simple, rather than choice,

reaction time), The combined.results from these two sets of measures indicate

that learning Is progressing throughout the practice trials. This learning involves,

in part, a possible speed-accuracy tradeoff to optimize performance. That learning

ti largely oompleted at the conclusion of the practice runs is indicated by the

absence of any difference in either time-to-respond or errors between practice III

and the early portion of the extended trial runs.

)Midian values for the response time measure did not vary throughout the ex-

tended runs. Error rates# however, increased from the early portion to later per.

tions of the task. rTZ increased first followed by a later increase in decision

errors. The increase in errores shown in figure 7p corresponds to subject's sub-

Jeetive reports of accumulating fatigue, boredom, and periodic inattentiveness.
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DECISION ERRORS

DZO8!O ERRORS

IS'

PORTION4 OF PRACTICE

Figure 5.~ Errors Dluring Praotios and Training. Proportion of trialse In
eaoh of three segments of the praotioe runs on which errors ecoured.
PT! are "finger timeing errors" consisting primarily of' mntiolpatory
responding.
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Filve 6. Fectioniated Reaction Time dýring Training and practice. DTF
decision time forwardj TT',transit time forwardi DTR: decision time returnj
TTIU transit time return. See the text for more complete explanation.
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Figure 7. Error Rate an Extended Runs. Proportion of trials from earlyC E)o
* middle(M), and late(L) portions of the mubjeate' runs on whiah errors ooouxred.
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2. Eyeblink measures

As predicted, the parameters of the blink proved sensitive to

time-on-task and hence to fatigue or fatigue-like state changes. The oonsiutent

increase in blink rate across the entire experimental session was most dramatic.

The initial average of 15.7 blinke/minute is close to the rate (14) reported in the

literature as average. We have observed, in visual tasks demanding continual

attention (ie, reading), blink rates as low as 3-8 per minute. By comparison

the 26,2 blinks/minute average exhibited by the end of the experimental session

in the present experiment seems very high. The steady increase in rate "•hroughout

the session is illustrated in figure 8.

Both closure duration measures, half amplitude closure and 20% window closure,

demonstrated a similar pailtcrn. Each of these measures was analysed In two ways.

First, the median duration was calculated for each subject during each of the six time

segments, We eaeoted this measure to reflect tonic changes in alertness. 7or

the second tnaisisu, we determined the proportion of blink which would be character-

ized as exhibiting long durations. On the basis of the preliminary study, we selected

150 msec as the criterion for a long half-cloaure duration and 100 meoc as the

cutoff for long window durations. These data are presented in figures 9 and 10.

3, ~Eeblink and manual response coordi'ation

The correspondence between blinks and the choice reation task, noted

in the preliminary 3tudies, vas examined more closely. Thirteen of the 16 subjects

had sufficiently high blink rate to yield meaningful proportionate data with

restricted segments of the session. For each of these I3 comparable 50 blink

samples were abstracted from practice 11 and the early and middle portions of the

extended runs. The relationship between time of blink initiation and both stimulus

and response events was determined.

In the initial determination, blinks falling between stimulus onset and I second

after stimulus offset were designated as contin gent. This categorization accounted

for over 70% or all blinks (see figure 11).
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Figure 9. Closurze Duration, Inoreauou-in median half' amplitude closure duration
(upper figur'e) and In proportion or bl.inks with closure duration@ in ecess. of W~
mesas (lower f'igure) across the session,
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Figure 10. Window Duration. Variation of' median 20% window duration (upper figure)

and th~e proportion of blinks with~ window durations exceeding 1.00 msea Rlower figure)

as a function of time within the aesuioA,
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Figure 11. Event Contingent Blinks. The upper portion of the figure shows the
proportion of blinks initially identified as contingent. The lower portion shows
the relationship between blink initiation and manual response.
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A 250 mesa window was then constructed around each task event. Sixty percent

of the contingent blinks fell with 250 mesa of a response. The peroentari within

this window steadily increased from 3% to 61% across the three time periods sampled.[ In contrast, slightly less than 2ý% of the eontingent blinks fell within a 250

mane window around the stimulus events.

When te tightness of the time-locking is examined, it becomes clear that the,

blinks associtted with responding are more tightly coupled. As figure 12 shows,

a high proportion of the blinks associated with a response were initiated within

100 miee of the response. The same wao not true for stimulus associated blinks.

4. Mblink and performance measure relationships

We examined performance on trials surrounding trials on Ohiah long

closure duration blinks occurred. Such a trial was Identified as a critical trial.'

One trial preceeding each oritical trial and two trials following •it were abstracted.
0: ,Combining these four trial types-and d looking separately at the data for I# M1,1ki

and L portions of each subject's run produced the data presented in figure 13,

DTF and TTR seemed to vary little from segment medians. TTF and DTF, however,

tended to be significantly faster than segment medians. Examination of individual

trial-types indicates that this effect is primarily due to rapid responding on the

triale following the critical trial. There was also a slightp though not signif-

icant tendency for DTF to be longer than predicted on critical trials.

Analysis of errors was performed on the individual selected trial types ool-

lapsed across segments. FTE were more frequent on trials immediately foll-owing

critical trials and loes frequent on the second trial following critical trials.

These rTE included only anticipatory return responses. Decision errors were allv-

ated on the critical trials and to a lesser extent on the trial immediately preceedingi

it (see figure 14).

It is apparent from these data that alterations in blink paramet6,.r,

a -- - --- --.- --- -. ,, JAM,.?,*..
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Figur'e 13. Proportion or trials sur'rounding long closure duration blinks
wtrepons times Sreater then segent medians,
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Figire 14. Error rates on trials surroundifl those trials on which a long

clolure duration blink oocurred.
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iLe., olosure duration, is associated with alterations in performance ad.-

K lquacy.
E. Related efforts and studies.

Coincident with the above described experimental work# we pursued soft-

ware and system davelopement for study of saeoadio eyemovemsnts. Our uaccade'

identification program, which had existed at a stand-alone routine, has been

rewritten to interface with the oft-line reduction program. Horizontal 30M

can be input as a fourth data channel. Sacoadee are identified and various

parameterI, duration, amplitude, peak velocity, eta., abstracted for each.

This data can be printed out and/or stored on disk for further analysis.

Additional analysis and plotting programs have been written to abstract and

display in detail the saccade amplitude-velooity relationship. ]
We also conducted a feasibility study to aslsee the potential utility

of using a microcomputer as a portable real-time system for field use involving

oculomoter measures. A summary or that study is Included as Appendix B. We

have initiated the developoment of a prototype system and software develope-

ment Is in progress.

IV, SUMMYARY

In the course of the contract yoer an experimental task suited to

tho study of workload factors in the present context has been developed.

1yeblink closure duration was shown to vary in parallel with measures at

performance. In particular# performance on trials Imnediately around trials

on w1hih long closure duration blinks occurred demonstrated variations in

performance. The oculomoter measures examined eftectively refleeted both

tonic and phasic alterations in 4tate,
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Appendix A

TASK III3TIUCTTOIS: CASE

You are to do the following task:

Letters will appear in the middle of this screen one at a time. You are to compare oach

letter to the one last seen and make a decision. The letters can be compared in several

* ways. For this task you nre to compare the letters by ease. Some are small (lower case)

lettersl some are capitals (upper case)* You Rre to decide for eAch letter whether ar

not i in the stme ..east an the last letter you saw.,

So, for example, a lower case "5" following a lower case "a" would be judged "same

case". A capital "R" following the small "|" would be judged "different case", 'nd

so on for each letter presented.

You will record each decision with yoer index finger on this touch panel.

The bottom square is "home"., Your finger rests there between responses.

You do not respond to the first letter presented in a series, because you do not yet have

a letter with which to compare it. For each letter after that, you respond in the

following wayl
It the letter is the A..saLe as the last letter you saw, quickly move your finger to the

too riht smuare. Leave your finger there until the letter goes off the screen. Then

move it back to "home" as quickly as you can and watch for the next letter.

It the letter is nat the same case as the last letter you saw, touch the toe 12et, eau,

SIWhen the letter goes off, return "homs" quickly and watch for the next letter.
Remembers

,ighto same case

Lefti different case

Hold finger on your response until the letter goes off; then return "home".

Try to move with aceuraoy and speed.

(Any questions? .... Here are some practice triales ,...)

9 j



TASK. ItISTTIUCTloll IS: 3luaLC
u are to do the following task%

Letters will appea r in the middle of this screen one at a time. You nre to compure each

letter to the one last seon and make a decision. The letters can be compared in several
ways. For thin task you are to compare the letters by alyhabetical order (Aenuence), The
letters will be presented either i sequence or out of sequence. You are to decaide for each

letter whether or not it followsn alphabetical sequence the last letter you sav.
go, for exampie, "B" following "A" would be judged "in sequence". An "15. following the

"B" would be judged "out of sequence", and so on for each letter presented. (When "A"l
follows "s" consider it "inl sequence".)

You will record each decision with your index fineer on this touch panel.
The bottom square is "home". Your finger rest& there between responses.
You do not respond to the first letter presented in a series beoause you do not yet have

a letter with which to eompare it. For each letter after that, you respond in the
following ways

1f the letter is in alphabetical sequence with the last letter you saw, quickly move your
finger to the to, right eL uare, Leave you finger there until the lettar goes off the
screen. Then move it back "home" as quickly as you can and watch for the next letter.

If the letter is not in allhabeotlal sequence with the last letter you saw, touch the
too left elaure. When the letter goes off, return "home" quickly and watch for the
next letter.

Remembers

RiahttA in sequence
Left: out of sequence

Hold your finger on your response antil the letter goes off; then return 'home".
Try to move with accuracy and speed.

(Any questions? .. H.. Here are some practice trialst .. ,. )

AL )
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Todd Carpenter/i

Introduction to the Design Approach

*of a Microcomputer-Based System

Introduction

Designing a microprocessor/microcomputer-based instrument is a
complex task. The des'gner is faced with a multitude of alternatives

from which a "best" choice may not be easily definable. I will attempt

to delineate these alternatives into three basic categories, however,

there are many design approaches which do not properly fit into these

categories. The discission will be primarily from a research, as opposed

to an industrial, point of view.

The first thing a laboratory or research group must do is to define

* their intended extent of involvement in the microcomputer world. The

range on involvement might be one-half a man-year and up. It would be

unrealisti; to expect to incorporate a workable microcomputer Into a

research project in less than six months, and this would only be possible

using a limited variety of general purpose systems. On the other hand,

there may be no foreseeable upper bound on involvement. In fact, what might

start out as a year's commritment could evolve into-a major continuing

research involvement.. Just as easily, however, what starts out as a multi-

year effort could end up falling flat on its face without the proper

insight. The discussion which follows will hopefully add soms light to

the subject and point out the me~or tradeoffs between three design

approaches.
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Three microcomputer Nuc) desitn approache.s

A. The general purpose uC system.

A general purpose uC system is a self-contained, fully operational

computer, based around a specific microprocessor (uP). Examples of such

systems would be the TRS-80, Apple, PET, and # host of others, generally

available off-the-shelf at many locations. They are designed to run

programs, usually In BASIC, but often have the ability to be programmed

In the particular uPWs machine todes Many of these systems have very

inexpensive software packages including such useful utilities as an

editor/assembler or disk operating system (DOS). A general purpose

system possesses very similar qualities to a mini-computer but is gener-

ally slower and has less mass storage capacity.

Although there may be other options available, these general purpose

systems usually come with a standard keyboard and video terminal or

television interface, This limits input/output (I/O) capabilities In

their off-the-shelf configuration, but with a variety of widely available

Interfaces, they can gain most of the power of a minicomputer. A general

purpose system usually comes with a slow, analog quality tape storage

system which may suffice in many applications. Floppy disk systems are

generally available and can make program development considerably easier,

Finally, a very useful peripheral is a line printer which pan be. simply

connected to and operated by the general purpose uc system.

A. -The dedicated function uC system or single board computer (SBC),

TiI

The pprachtakn wih a NCis hat f mniml hrdwae Ivesmen
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and of dedicated computer operation. If an instrument is desired to be

small, portable, and intelligent, an SeC might be a good approach. An

SeC can be burled inside of an Instrument and~can operate as i-ts brains.

Once built, though, it is usually restricted to performing its one

appointed task foresver. A general purpose uc system cannot often be used

for these applications because an instrument cannot be built up around

them.

LSeC's consist of a printed circuit board (PCB) and all components

nleatly laid out and soldered onto the PCI. There are a wide variety of

components available on SBC's, performi ng different functions, but they

all have the following minimums: uP, system clock, RAM, ROM or ROM space,

and some type of 1/0. They may also have any or all of the following:

real time clock, monitor in ROM, video or printer Interface, analog Input

or output modules, or on-board keypads or alphanumeric displays. There
is very little standardization in the computer industry, specifying what

components an SIC must have or what It must do. Therefore extreme cau'tion

must be exhilbited in selecting an Sec.
It is important to understand that an SeC usually has no innate

intelligence. All of its smarts must come from the user. These computers

are designed to run programs usually In machine language, which must be

designed, written, tested and debugged by, the user. These tasks may not

be at all easy to accomplish with the SIC alone. The SIC should be

thought of primarily as the target of the completed software and not so

much as a tool'for software development.

.. .......
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C. The maximum efficiency uC system,"

Designing a maximum efficiency uC system requires probably the

largest initial expenditure of funds but Is the most versatile approach

of the three.

What is meant by maximum efficiency is a computer which is specially

designed, chip by chip, to have exactly the necessary components and no

others. This can usually only bq accomplished In a custom design.

In order to be successful in this "from scratch" approach, a micro-

processor development system (MDS) becomes a necessity. An MOS is basically

a software support device which enables one to develop programs to run on

a uP-based instrument or computer. It allows about as much versatility

as Ip possible for writing, assembling, testing, debugging, and storing

programs during development. One must keep in mind that It is a software

tool and will not solve all the hardware problems associated with designing

a custom uc board. For hardware problems there are'such things as logic

probes, logic analyzers, and oscilloscopes.

An MOS is usually specific to a uP which means that the purchase of

an MDS may well restrict use to that same uP in future projects. If the

choice is made wisely this should not cause a problem, because manufacturers

are beginning to realize that they must support all of the uP they are

selling. Some uP have looked promising at their conception but have

subsequently faded away; however, there are some industry standards which

will almost certainly be around for quite some time to come, with growing

support. For Instance, the industry leader, Intel, has on the order of

one-half of the uP market with its two main uP families, the 8080 and the

'-,?
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8086, 8 and 16 bit processors, respectively. One can be reasonably

assured that theywill both be long-lived. Mbtorola is strongly supporting

universities with the hopes of raising the next generation of engineers

and computer scientists with their crop of uP products.

At any rate the investment in an MDS may be a very wise one if the

involvement in uC field is judged to be a long one.

Choices and tradeoffs of the three apprQaches

Based upon the initial discussion and the existence of One Thousand

Ool1ars ($1,000.00), a general purpose system should be strongly considered

as a starting point. It allows for easy training of personnel and supportssimple "add-ons". All of the engineering has been done and a researcher

can benefit from the advantage of hobby market pricing--a rather rare

phenomenon in research. Programming can be done In BASIC and combined with

or replaced by machine language at the user's pace. With the existence of

real-time clocks, and versatile analog I/0 modules, a general purpose

system can be surprisingly powerful.

There may, however, be things that are simply not possible.with a

general purpose system. It is not intended to be built into a dedicated

device. It Is not intendel to be portable (on a day-to-day basis). It

may riot have exactly the right peripheral or "attachment". In these cases

an SBC or custom-designeJ bnard might be In order. Keep in mind, however,

that an $BC may not have its own monitor and is not programmed in BASIC,

and that a custom board will not have numerous available interface boards

and peripherals. A custom board will require custom interfaces.

.. . .
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Consider uC development costs. A general purpose system will

probably cost upwards of One Thousand Dollars ($1,000.00). This cost may

be a significant percentage of the total development cost because the

system requires no tinkering. It can be brought into the lab, plugged

in, and' running programs in an hour.

With an SBC some means for, developing programs becomes necessary.

The minimum requirement is to' have an on-board monitor which allows load-

Ing and changing memory locations and executing programs. Programmting this I
way Is a terribly tedious process and produces dubious results. Even

with a fully operational program, the SBC must have the appropriate I/0

capabilities to carry on some meaningful task. An SBC, therefore, will

require many times the development effort and cost of a.general-purpose

system. SBC themselves can range in cost from $100 to $1,000., or more,

depending on their performance characteristics.

If on the order of Three Thousand Dollars ($3,000.00) were available

for equipment, an MOS in conjunction with a hand-picked (MDS-compatible) F

SBC might be used. The SBC could supply the engineered and tested,

appropriately configured components and the MDS could provide the necessary

software support. The result would be a workable combination of hardware
and software ending In a dedicated o'eratitonal SBC and a free MDS ready

to take on the next project. The total cost would be the sum of the SSC,

a prorated percent of the MOS, and X number of man-hour dollars. In the

long run this is an extremely versatile and reasonably cost-effective

approach. It should be prefaced, however, with some experienced staff or

flexible deadlines.

a ".
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Sun5" 'y and recommendations

Deciding how much to Invest In a uC system is dependent on interest,

:1 present experience, requirements, and time constraints. Relative costs

"* must be placed on initial Investments, development time,.and versatility.

The areas of ioftware and hardware support must be carefully consid.

ered. Either a general purpose system or an MOS with an SBC, alleviate

most of the hardware problems and let the user tackle oply the software.

Developing a uC system with an MDS 6r. SC alone requires expertise in

both hardware and software.

,My rqcommendation would be as follows.

For a laboratory with little or no experience with uC's or uPs, a

general purpose system should be examined carefully for its abilities

and limitations. If the project requirements are clear and the general

purpose system is adequate, then it should be utilized. If the uC Is to

be used in a dedica'ted environment, then an SSC may be the most-appropriate

choice. Software development will become the primary problem and some other

support equipment may be necessary for this. An SBC with an on-board

monitor would be a minimum requirement. If a custom design was absolutely

necessary, then an MDS might be required for extensive software support.

The MDS alone, however, would probably not be sufficient for tackling all

the hardware problems as well, The custom design approach is the most comp-

licated of the three and requires a good deal'of time and experience.

SJf.I
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